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A B S T R A C T
This paper introduces a 3D model for chimney formations in tight rocks in sedimentary basins. This is anadaption of a model for hydraulic fracturing in an anisotropic stress field by fluid injection (fracking). Themodel assumes that a chimney formation is triggered and sourced by overpressure build-up in permeableunits, such as reservoirs or aquifers. Cells in the numerical models fracture when the fluid pressure exceedsthe least compressive stress and a random rock strength. Chimney growth is represented by chains of cells(branches) that emanate from the base of the cap rock. The branches have an enhanced permeability duringascension, because the fluid pressure in the fracture network is greater than the least compressive stress.When the branches reach the hydrostatic surface, the fluid pressure drops below the fracture pressure and thefracture network closes. The reservoir is drained by the branches in the closed fracture network that reachesthe seafloor. The model produces pipe-like structures and chimneys as accumulations of branches that reach thesurface. The degree of random rock strength controls how pipe-like the chimneys become. Chimney formationstops when the rate of fluid leakage through the chimneys surpasses the production of excess fluid by theoverpressure-building process. A ‘‘low’’ permeability of the chimney branches produces wide chimneys withmany branches, and a ‘‘high’’ permeability gives narrow chimneys made of just a few branches. The modelis demonstrated in a setup that could be relevant for the chimneys observed in the cap rock over the Utsiraaquifer in the North Sea. By using the proposed model, the permeability of such chimneys is estimated to beof the order of 10 μD.
1. Introduction
The rapid increase in the atmospheric CO2 concentrations over thelast 100 years is likely the reason for current climate change (Bryant,1997). More than 30 Gt of anthropogenic CO2 has been emitted globallyevery year since 2000 (International Energy Agency, 2016). The storageof CO2 in aquifers or depleted oil and gas reservoirs is considered tobe a promising way for reducing CO2 in the atmosphere. A particularconcern with subsurface CO2 storage, however, is the integrity of thesealing rocks above the reservoir (Bachu, 2008; Benson and Cole, 2008;Bickle, 2009).Chimneys and pipe structures are vertical fluid-flow escape path-ways through sealing rock layers. Such structures appear to be commonfeatures in sedimentary basins, based on improved seismic imaging.Most of our knowledge about seismic pipes and chimneys is frominterpretations of seismic data. The seismic anomalies that distinguishchimneys from their surrounding sediments have been thoroughly char-acterised, as for instance by Kartens and Berndt (2015) and Cartwrightand Santamarina (2015). The anomalies appear as dimmed or distortedreflections inside the pipe structure compared with the layered reflec-tions on the outside of the pipe. The terms ‘‘pipe’’ and ‘‘chimney’’are often used synonymously, although Andresen (2012) used ‘‘pipe’’
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for vertical columnar structures with a diameter of less than 300 mand ‘‘chimney’’ for vertical structures that are wider and have a morecomplex shape. Pipes and chimneys have been observed in a number ofplaces around the world. For example, they have been mapped, usingseismic imaging, in the cap rock of the Utsira Formation in the NorthSea (Kartens and Berndt, 2015; Kartens et al., 2017), in the Faeroe–Shetland Basin offshore UK and in the Namibia Basin (Cartwright et al.,2007; Moss and Cartwright, 2010) and in the Niger Delta (Løseth et al.,2009, 2011). An overview of important datasets has been providedby Cartwright and Santamarina (2015).Chimneys have been interpreted as localised porous channels forfluid flow, and can often be traced to a reservoir formation (Løsethet al., 2009, 2011; Kartens and Berndt, 2015; Kartens et al., 2017;Räss et al., 2019). These vertical structures serve as leakage pathwaysthrough the seal for reservoir fluids, and are therefore important withrespect to the seal integrity of the reservoir units used for storing CO2.Chimneys form as a result of hydraulic fracturing, when the reservoirpressure exceeds the least compressive stress (Løseth et al., 2009,2011; Cartwright and Santamarina, 2015). An existing pipe may haveenhanced permeability, and the reservoir overpressure can dissipate
https://doi.org/10.1016/j.cageo.2020.104429Received 15 April 2019; Received in revised form 29 January 2020; Accepted 31 January 2020
Computers and Geosciences 137 (2020) 104429
2
M. Wangen
by fluid leakage through the pipe (Løseth et al., 2009, 2011). Sincechimney formation can be driven by high reservoir fluid pressure, theyare closely linked to processes of overpressure build-up.Still, only a few attempts to model pipes and chimneys have beenmade. Some models have been concerned with the possible impor-tance of existing chimneys in CO2 leakage from aquifers and reservoirs(Kartens et al., 2017; Tasianas et al., 2016). These studies used standardreservoir simulators to model gas leakage scenarios through knownchimneys and to constrain their permeability.Only a few models have dealt with actual chimney formation. Oneparticular concept that has been studied as a possible mechanismfor the generation of pipes and chimneys involve so-called ‘‘porositywaves’’ (Appold and Nunn, 2002; Yarushina and Podladchikov, 2015;Yarushina et al., 2015; Räss et al., 2015, 2018). Porosity waves areviscous, porous deformations of areas of increased porosity, which aredriven upwards by buoyancy. The porosity-wave process can trans-port fluids through low-permeability layers in the form of localisedascending regions of high porosity. They form spontaneously, andare self-propagating, high-porosity channels in low-permeability rocks,such as shale. This type of model was initially suggested for magmamigration by Mckenzie (1984), although Mckenzie (1987) proposed thesame model for the compaction of sediments.Iyer et al. (2017) recently developed a finite-element model forhydrothermal venting in sedimentary basins driven by heat from mag-matic intrusions. This approach is similar to the model introduced here,with fractured elements occurring where the fluid pressure exceedsthe least compressive stress. These elements have their permeabilityenhanced, which in turn allows fluids to ascend through rocks that wereinitially virtually impermeable.This paper proposes a model for the formation of chimneys andpipe-like structures that builds on a recent model for hydraulic fractur-ing and damage of low-permeability rocks by fracking operations (Wan-gen, 2017, 2019). The rock fails when the pore fluid pressure exceedsthe least compressive stress and a random rock strength. Chimneys andpipes form by a hydraulic fracturing process that is sourced from anoverpressured reservoir (Løseth et al., 2009, 2011; Kartens and Berndt,2015; Kartens et al., 2017).A topic related to chimneys is Pockmarks, which are crater-likedepressions observed on the seabed. They are found in a large va-riety of geological settings on continental margins (Greinert et al.,2010; Kocherla et al., 2015). They may have formed during methanerelease or directly by the melting of gas hydrates in the shallowsediments (Mazzini et al., 2017). Pockmarks have been mapped at theseafloor and their positions are analysed with statistical methods (Ham-mer, 2009; Cartwright et al., 2011; Mazzini et al., 2017). Mazzini et al.(2017) found no clustering of the pockmarks.This article is organised as follows. Firstly, it is explained how themodel was developed from one of fracking, which again is based oninvasion percolation. Then, how the model deals with in-situ stressanisotropy, how permeability changes in the model, and how the fluidpressure is used for fracture and damage propagation are demonstrated.A reference case is presented, in which the pressure build-up could befrom glacial loading. Chimney development based on a reference case isdiscussed, and how the chimney structure depends on the chimney per-meability is demonstrated, before the chimney development is relatedto the volume balance of the pore fluid.
2. Model based on concepts from invasion percolation
The model presented here for chimney formation is based on 2D and3D models for the simulation of hydraulic fracturing, damage and mi-croseismicity (Wangen, 2017, 2019). These models build on a percola-tion model for hydraulic fracturing, and the associated microseismicity,developed by Norris et al. (2014, 2015b,a, 2016).Percolation theory is the study of the connectivity of clusters, andis normally studied numerically on regular grids (Feder, 1989; Stauffer
and Aharony, 1992; Sahimi, 1994). Invasion percolation was intro-duced by Wilkinson and Willemsen (1983) as a model for the slowdisplacement of a wetting fluid (e.g. water) into a porous mediumsaturated with a non-wetting fluid (e.g. oil). The displacement processis controlled by the capillary entry pressure of the pore throats. Theinvading fluid enters the pores with the lowest capillary thresholds,leaving behind a cluster of pores filled with the invading fluid. Theinvasion process is intermittent, and takes place in bursts. The dynamicsof the invasion process and the burst sizes have been studied by, amongothers, Furuberg et al. (1988, 1996), Måløy et al. (1992) and Aker et al.(1998). It is the burst dynamics that makes invasion percolation suitedto the study of the microseismicity of hydraulic fracturing.A related model to that of the invasion percolation for the hydraulicfracturing of tight rock should be mentioned. Miller and Nur (2000)suggested one based on ideas of self-organised criticality to model fluidgeneration and expulsion in tight rocks. This model involves burstdynamics and cluster generation.The model described here for chimney formation makes use of thefluid pressure in determining which cell will break next. The nearestneighbour cells are connected by transmissibilities (also called bonds;see Fig. 1a), which break when the fluid pressure exceeds the leastcompressive stress and a random bond strength. The random bondstrength has a similar function to the random capillary entry pressure inmodels of fluid flow in porous media. The bonds in this model break inan intermittent manner. When a bond breaks, the intact cell connectedby the bond breaks as well. The newly broken cell becomes permeableand is invaded by fluid. The neighbours of the newly broken cell mayalso then break, potentially leading to an avalanche of breaking events.
3. Stress anisotropy
Chimney formation is driven by the fluid pressure. The fluid pres-sure is determined by solving a pressure equation that is obtained usingthe finite volume method (see Appendix). Therefore, the pressure isrepresented at the centre of each cell. A transmissibility (or bond)accounts for the permeability of the rock matrix between the cellcentres, the distance between the cell centres and the area of thecommon interface between the cells (see Appendix).The least compressive stress is different on bonds with differentspatial directions, as shown in Fig. 1b, but otherwise is the same at thesame depth. The components of the stress state in the principal systemare the least horizontal stress 𝜎ℎ, the maximum horizontal stress 𝜎𝐻and the vertical stress 𝜎𝑣. The vertical stress is taken to be the greatestprincipal stress, where:
𝜎ℎ ≤ 𝜎𝐻 < 𝜎𝑣, (1)and the numerical grid is aligned with the direction of the principalstress. Both the vertical and horizontal stresses increase with depth,and it is assumed that the vertical stress in the rock is the same as theweight of the overburden:
𝜎𝑣 = 𝜚𝑏𝑔𝑧 + 𝜚𝑓 𝑔ℎ𝑤, (2)where 𝑧 is the depth measured from the seafloor, 𝜚𝑏 is the bulk densityof the sediments, 𝜚𝑓 is the water density, ℎ𝑤 is the water depth and 𝑔is the gravitational acceleration. The densities and the water depth areassumed to be constant, for the sake of simplicity. The effective stress inthe horizontal plane is taken to be proportional to the vertical effectivestress:
𝜎′ℎ = 𝑓𝑥𝜎
′
𝑣 and 𝜎′𝐻 = 𝑓𝑦𝜎′𝑣, (3)where 𝑓ℎ and 𝑓𝐻 are coefficients. A prime denotes the effective stress,which is defined as the stress minus the pore fluid pressure multipliedby the Biot coefficient. The fluid pressure is taken to be hydrostatic inthe overburden. In the case of isotropic stress in the horizontal plane,
𝜎ℎ = 𝜎𝐻 , the coefficients 𝑓ℎ and 𝑓𝐻 are equal, and all bonds aresubjected to the same least effective compressive stress, 𝜎′ℎ = 𝑓ℎ𝜎′𝑣.
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Fig. 1. (a) The pressure equation is solved using the finite volume method, where nearest neighbour cells are connected by transmissibilities. (b) Each transmissibility is subjectedto compressive stress.
4. Chimney permeability
An important rock property is the permeability of the chimney,which results from hydraulic fracturing and damage. The term ‘‘dam-age’’ is used to describe a dense and pervasive microfracture network.It is based on the observation of hydraulic fracturing (fracking) in tightpetroleum-rich shales, where as much as 7.5 ⋅ 103 m3 to 11 ⋅ 103 m3of fluid is injected into the shale over a short time span (typically6 h) (Montgomery, 2013; Norris et al., 2016). This fine and densenetwork of microfractures enables the injection of large quantities offluids. The microfractures provide permeable pore space in the rockwhen they are open. The microfracture network in oil- and gas-richshales have to be fine and pervasive to enable the production of largequantities of petroleum from an otherwise tight rock.The chimney most likely has a different permeability when it isrising towards the seafloor than after it has reached the seafloor.When the chimney ascends towards the seafloor, it has a critical fluidpressure that keeps the fractures open, because the fluid pressure isgreater than the least compressive stress. When the chimney reachesthe seafloor, the fluid pressure at the top of the chimney becomeshydrostatic. A stationary overpressure profile develops, in which thereis a linear decrease in overpressure from the root of the chimney tothe surface, and the chimney fractures close. Cells in a closed fracturenetwork are assumed to be more permeable than intact cells with nearlyzero permeability. Therefore, the chimney stays permeable after it hasformed.The permeability in a chimney propagating towards the surface iscalled the open-chimney permeability (𝑘𝑂) and the permeability afterit has reached the surface is the closed-chimney permeability (𝑘𝐶 ).The model is simplified by assigning constant values to the open-and closed-chimney permeabilities. The open-chimney permeability de-pends on how open the fractures are, which again depends on the fluidpressure. However, a precise value for the open-chimney permeabilityis not needed, as long as it is sufficiently large to keep the fluid pressuregreater than the least compressive stress for the ascending chimney.The closed-chimney permeability, which is less constrained, turns outto be important in relation to the width of the chimney.
5. Fluid pressure and rock damage
Chimney formation in this model is driven by overpressure build-up.The overpressure 𝑝 is obtained from solution of the pressure equation:
𝜙𝛼𝐷
𝜕𝑝
𝜕𝑡
− ∇
(𝑘(𝐱)
𝜇
∇𝑝
)
= 𝑞(𝐱), (4)
where 𝑡 is time, 𝜙 is the porosity, 𝛼𝐷 is the system compressibility, 𝑘is the rock permeability at position 𝐱, 𝜇 is the fluid viscosity and 𝑞 is asource term.A broken bond changes the associated cell from an intact cap rockcell to a damaged chimney cell. The chimney cell has an enhancedpermeability that allows fluid to invade the newly damaged cell. Fluidflow into a new cell changes the fluid pressure locally, and thereforeit is necessary to resolve the pressure equation. It would be too time-consuming to solve this for the fluid pressure in the entire numericaldomain each time a bond and cell is damaged. To save computationtime, the cells in the cap rock are assumed to be impermeable, exceptfor the nearest neighbours to the reservoir or chimney cells. Therefore,the numerical solution mainly covers the permeable cells — those in thereservoir and the chimney. The nearest neighbour cells to the reservoirand chimney cells are assumed to be low-permeability cells with zerooverpressure. These intact cap rock cells are assigned zero overpressureby the boundary conditions. The numerical pressure equation requiresthe permeability of the bond that connects two neighbour cells, andthe bond permeability is obtained as the harmonic mean of the twoneighbour-cell permeabilities.Breaking a bond changes the bond permeability, which makes themodel nonlinear. Therefore, the stiffness matrix in the linear equationsystem must be recomputed each time a bond breaks. The discretepressure equation not only has to be resolved after each broking bondand cell event, but also the stiffness matrix has to be regenerated.
6. Reference case for the Utsira Formation
Here, a case is presented that could be relevant to the chimneysobserved in the cap rock of the Utsira Formation in the North Sea,close to the CO2 injection site (Kartens and Berndt, 2015; Kartens et al.,2017). There are two questions related to these chimneys — how theyformed and what the present-day permeability might be.The Utsira Formation in the North Sea comprises a more than400 km long Pliocene sand (Helland, 2011). The average depth fromthe sealevel to the Utsira Formation is 900 m, and its thickness rangesfrom 50 m to 350 m. The reservoir permeability is roughly 1 D (1 ⋅
10−12 m2) (Helland, 2011). It has served as a storage site for theCO2 captured from the natural gas produced in the Sleipner Field,with about 14 Mt of supercritical CO2 having been injected between1996 and 2013 (Cavanagh and Haszeldine, 2014). The pressure andtemperature conditions at the injection site are just within the regionfor supercritical CO2 (Helland, 2011). The Utsira Formation reservoir iscovered by a layer of fine-grained Quaternary sediments, mostly clay.Above the cap rock, there is seawater, ranging from 100 m to 200 mdeep (Helland, 2011).
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Fig. 2. Geometry of the case study. The seafloor is the top of the box. The top reservoir follows a sin-shaped surface that oscillates between 700 m and 900 m depth; the baseof the reservoir is at 1000 m.
Table 1Parameters used for the Utsira case.Parameter Value Units
Number of time steps 25 –Number of nodes x- and y-dir 50 –Number of nodes z-dir 1 –Length x- and y-directions (𝑙) 2000 mThickness (ℎ) 1000 mSystem compressibility (𝛼𝐷) 4e−10 Pa−1Viscosity (𝜇) 0.001 Pa sReservoir permeability (𝑘𝑅) 1e−12 m2Open-chimney permeability (𝑘𝑂) 1e−12 m2Closed-chimney permeability (𝑘𝐶 ) 1e−17 m2Damage porosity (𝜙𝐷) 0.15 –Factor 𝑓ℎ 0.7 –Factor 𝑓𝐻 0.7 –Max bond strength (𝑠0) 1e+07 Pa
The geometry of the simulation model is shown in Fig. 2. Thenumerical representation covers a lateral extent of 2 km × 2 km anda height of 1 km. A flat seafloor is at the top of the model, at 𝑧 = 0.The top of the reservoir is sin-shaped, and oscillates between 700 mand 900 m deep. The colours in Fig. 2 indicate the depth of the top ofthe reservoir unit. The cap rock lies between the top of the reservoirand the seafloor. The base of the reservoir, at 1000 m, is also the baseof the model.
7. Pressure build-up in the reservoir
It is assumed that chimneys are formed as a result of pressure build-up in the reservoir unit. The overpressure in the numerical model iscreated by a source term in the reservoir cells. Glacial loading hasbeen suggested as a possible process for the pressure build-up thattriggered the chimneys observed in the cap rock (Kartens and Berndt,2015). The entire North Sea was covered by ice during the Last GlacialMaximum (Lambeck et al., 2000; Mangerud et al., 2011). Whilst thereare no data for the palaeo-ice thickness in the North Sea, models haveindicated that the ice was considerably thicker than 1000 m over theUtsira Field during the Last Glacial Maximum (Siegert et al., 2001;Kleman et al., 2013).Instead of modelling the possible pressure build-up directly fromthe ice loading, which is a large topic in itself, a simple source termis applied in the pressure equation. The overpressure build-up is not
modelled from zero, but from an initial value close to the fracturepressure of the cap rock. The critical fluid pressure necessary to breakthe weakest bond in the cap rock is denoted 𝑝𝑐 . The initial overpressureis set to 𝑝1 = 𝑓1𝑝𝑐 , with 𝑓1 = 0.9. The pressure build-up takes place overa time span of 𝑡0, and the reservoir overpressure would have endedat 𝑝2 = 𝑓2𝑝𝑐 , with 𝑓2 = 1.2 in the case of no chimney formation.The pressure equation (13), with negligible pressure gradients in thereservoir, is:
𝜙𝛼𝐷
𝑑𝑝
𝑑𝑡
= 𝑞0, (5)
where 𝑞0 is the source term in the reservoir unit. A linear pressureincrease from 𝑝1 = 𝑓1𝑝𝑐 to 𝑝2 = 𝑓2𝑝𝑐 over the time span 𝑡0 gives thesource term:
𝑞0 =
1
𝑡0
(𝑝2 − 𝑝1)𝜙𝛼𝐷 (6)
The source term (6) is used in pressure equations (4) to simulatethe geological time interval during which the chimney formation tookplace. Because the source term does not model one specific process forpressure build-up, it can represent the effects of a number of differentoverpressure-generating processes. The simple source term (6) makesit possible to study chimney formation without the complications of afull model for the specific process of pressure generation on a geologicaltime scale. In particular, the complicated geological history of repeatedglacial loading and unloading over several hundreds of thousands ofyears is not the topic of this article. An eventual pressure build-up inthe tight cap rock from, for instance, glacial loading can be ignored.The cap rock is taken to be virtually impermeable.
8. Chimney formation
The chimney formation for the geometry of Fig. 2 is shown in Fig. 3.Table 1 provides a listing of the simulation data used. Fig. 3 showsthe development of the chimney at three times, 𝑡 = 100, 𝑡 = 200 and
𝑡 = 400 years, where the time span is 𝑡0 = 400 years. Chimney formationstarts with a single chain of cells (branch) that ascends towards thesurface. The chains grow through the cap rock from the highest partsof the reservoir rock because the lateral compressive stress on the bondsis the least there. Even though the bonds have random bond strengths,the bond strength is, in this case, not great enough to dominate thedifference in compressive stress between neighbour cells in the verticaldirection. The random bond strength is a means of representing the
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effect of the often strong heterogeneity of the rock. An importantobservation is that the effective compressive stress is proportional to thedepth from the seafloor, but the random bond strength is independentof depth. The maximum bond strength is 𝑠𝑥 = 1 MPa, 𝑠𝑦 = 1 MPaand 𝑠𝑧 = 0.5 MPa, and the bonds are weaker in the vertical than inthe horizontal direction, which favours the vertical propagation of thebranches.After the first chains of cells reach the surface, new chains nucleateand propagate towards the surface. The permeability in the chimneysis important. Before a chain of cells reaches the surface, they musthave high permeability to ensure that the fluid pressure is greater thanthe least compressive stress in the entire chain. A fluid pressure thatexceeds the least compressive stress opens the fractured pore space,which again produces an enhanced permeability. When the chainsreach the hydrostatic seafloor, the fluid pressure drops below the leastcompressive stress and the cells in the branch close. The permeability ofthe hydraulically-fractured but closed cells is still higher than the lowpermeability of the intact sealing rock matrix. Therefore, the reservoiroverpressure starts to leak through the chimney structure that hasreached the surface. Fig. 3 shows the overpressure in the reservoir andchimney cells. There is a linear pressure decrease through the chimney,from the base at the overpressured reservoir to the hydrostatic surface.The permeability of the reservoir and the cap rock are well con-strained. The reservoir permeability is 𝑘𝑅 = 10−12 m2 and the caprock is virtually impermeable, with a permeability estimated to be lessthan 10−19 m2, (Helland, 2011). The permeability of the hydraulically-fractured and damaged chimney cells is taken to be constant because ofthe lack of a better permeability model. In the simulation case shownin Fig. 3, the open hydraulically-fractured cells have a permeabilityof 𝑘𝑂 = 10−12 m2 and when they close, the permeability drops to
𝑘𝐶 = 10−17 m2. A larger open permeability than 𝑘𝑂 = 10−12 m2will not change the results noticeably, because this permeability issufficiently large for the pressure drop inside a rising chimney path tobe negligible. Decreasing the permeability 𝑘𝑂 will at some point leadto pressure drop inside the rising chimney that will eventually stopthe chimney for ascending towards the surface. The chains that havereached the surface, and that drain the reservoir of excess fluid, donot refracture. They typically experience a linear overpressure decreasefrom the reservoir to the surface. On the other hand, new chains of cellscontinue to nucleate and grow towards the surface.
9. Branches in a chimney
This model of chimney formation produces a pipe-like structure, interms of fracture branches emanating from the top of the reservoir.These branches are numerically represented as chains of damaged(fractured) cells. The model differs from the percolation invasion mod-els of Norris et al. (2014, 2015b) and Wangen (2017, 2019) in nothaving a loopless fracture network. In other words, the branches in thefracture network are allowed to connect. The reason for not connectingbranches in the fracking models is that the pressure in two branchesthat are close is almost the same. This is not the case here, wherethere are usually different pressures in a branch (chain of cells) thatis ascending and a branch that has reached the surface. An ascendingbranch is short-circuited once it connects to a branch that is already incontact with the surface, and it stops.The permeability of damaged cells in the chimney (𝑘𝐶 ), once theyare connected to the surface, is an important parameter. In the casewhere this permeability is high, there is an implication that overpres-sure build-up stops, since more fluid leaks from the reservoir than isgenerated by the source term. On the other hand, low permeability inthe damaged cells in the chimney implies that the pipe-like structureswill not drain the reservoir sufficiently to stop pressure build-up, andso the process of chimney formation will continue. These effects areexamined in Fig. 4, which shows chimney formation for the threedifferent values of closed-chimney permeability, 𝑘𝐶 = 10−16 m2, 𝑘𝐶 =
10−15 m2 and 𝑘𝐶 = 10−14 m2. With increasing 𝑘𝐶 , it can be seenthat progressively fewer branches are needed to drain the pressurebuild-up in the reservoir. In Fig. 4a, it is shown that a closed-chimneypermeability as high as 𝑘𝐶 = 10−14 m2 will produce only one branchin the chimney. Decreasing 𝑘𝐶 by one order of magnitude gives twobranches. When 𝑘𝐶 is decreased by yet another order of magnitude, 𝑘𝐶is sufficiently lowered to avoid a too rapid leakage from the reservoir,and several branches develop. The value 𝑘𝐶 = 10−17 m2 seems to bereasonable for a case such as Utsira (see Fig. 3), where several chimneyshave been observed with widths of ca. 300 m.It is possible to estimate the number of non-interacting and leakingbranches that would be necessary to drain the reservoir at the samerate as the source term (6) fills the reservoir. This condition can beexpressed as:
𝑞0𝑉𝑏 = 𝑛 𝛥𝐴
𝑘𝐶
𝜇
𝑝𝑐 𝑙0, (7)
where 𝑉𝑏 is the bulk volume of the reservoir, 𝛥𝐴 is the 𝑥𝑦-cross-sectionof a cell and 𝑙0 is the distance from the shallowest part of the reservoirto the seafloor. The left side of Eq. (7) is the time-rate of volumeproduction of excess fluid in the reservoir and the right side is thetime-rate of volume leakage through the chimney. Inserting the sourceterm (6) into Eq. (7) gives the number of straight vertical chains of cellsreaching the surface:
𝑛 =
𝜙𝛼𝐷(𝑓2 − 𝑓1)𝑉𝑏 𝜇 𝑙0
𝑘𝐶 𝑡0 𝛥𝐴
(8)
It can be seen that the number of vertical branches is inversely propor-tional to the permeability of a closed chimney (𝑘𝐶 ). If 𝑛 < 1 impliesthat the numerical resolution with an 𝑥𝑦-cross-section 𝛥𝐴 is too largefor the given permeability 𝑘𝐶 , or vice versa. On the other hand, if 𝑛 islarger than the number of cells that cover the surface, the permeability
𝑘𝐶 is too low for the chimney to drain the reservoir at the same rate asthe pressure build-up.The data from Table 1 indicates that 𝑛 from Eq. (8) is 𝑛 = 70. Thenumber of fractured branches in Fig. 3c that reached the surface is
64. Even though the estimate is not exact, it is still quite useful as anestimation of the size of the chimney.The Eq. (8) shows that the area of the chimney cross section, 𝐴 =
𝑛𝛥𝐴, does not depend on the grid size. The final chimney cross sectionis controlled by the overpressure generating process. The number of thechimney paths increases with increasingly finer grid size. If there is alower or upper limits on the chimney paths are difficult to tell from themodelling. More observations are needed to improve this aspect of themodelling.The random rock strength adds disorder to the branches that con-stitute the chimneys. Increasing the random rock strength causes thechimney branches to be dominated by the random rock strength and,to a lesser degree, be controlled by the compressive stress that decreasewith depth. A reduction in the disorder produces increasingly straighterchimneys, as demonstrated in Fig. 5. These three cases have isotropicrandom bond strengths of 𝑠0 = 0.1 MPa, 𝑠0 = 0.2 MPa and 𝑠0 = 0.5 MPa,respectively.The branches that constitute the chimney start from the shallowestparts, at the base of the cap rock, because the seafloor is flat and there isno lateral dependence of the effective compressive stress. In real cases,there are most likely lateral differences in the compressive stress, whichmay be important for where chimneys prefer to develop. In the case ofa nearly flat base of the cap rock, chimneys will develop locally in thecap rock where the compressive stress is the least.
10. Volume balance for the reservoir and chimneys
Fig. 6 shows the pore fluid volume balance of the permeable parts ofthe system — the reservoir and chimneys. The green line represents thevolume of excess fluid that is generated in the reservoir unit and thatdrives the overpressure build-up. The red curve indicates the amount of
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Fig. 3. Chimney development through time: (a) at 100 years, (b) at 200 years and (c) at 400 years, where the time span is 𝑡0 = 400 years. The colours show the overpressure inPa.
reservoir fluid that has leaked out. This is the sum of what has leakedto the surface and what has leaked into the cap rock. The blue curveillustrates the amount of excess fluid that remains in the reservoir. Theblack dots represent the sum of the red and blue curves at each timestep of the simulation. It can be seen that the volume conservation isexcellent.Nearly all the fluid generated in the reservoir stays in the reservoiruntil the first branch of the damaged cells reaches the surface. Thattakes place at approximately 80 years, at which point the leakageincreases and the volume of the excess fluid in the reservoir starts todecrease. The leakage of excess fluid continues to increase with anincreasing number of branches in the chimneys. The chimney-formingprocess ends when the pressure build-up stops because the leakagethrough the chimneys is greater than the generation of excess fluid inthe reservoir.The average reservoir pressure is shown in Fig. 7 for pressure build-up over the time spans 𝑡0 = 200 years, 𝑡0 = 400 years and 𝑡0 = 800 years.
It increases until the first chimney branches reach the seafloor. Fromthen on, there is a slight decrease in the average reservoir overpressure.
11. Conclusions
A physical model has been proposed here for the formation of thechimneys and pipe-like structures commonly observed in tight rocksin sedimentary basins. The chimney model is an extension of a modelfor hydraulic fracturing of tight rock by fluid injection, and buildson concepts of invasion percolation. It was assumed that chimneysare fluid leakage structures that are triggered by overpressure build-up in aquifers or reservoirs. The dynamics of the chimney formationis therefore closely linked to overpressure generation. A specific casestudy was presented, which could be relevant for the chimneys ob-served in the cap rock of the Utsira Formation in the North Sea, wherechimney formation may have been driven by overpressure build-up.The pressure build-up could have been by glacial loading. A solution
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Fig. 4. How chimney structures depend on the closed-fracture permeability. (a) 𝑘𝐶 = 1 ⋅ 10−14 m2. (b) 𝑘𝐶 = 1 ⋅ 10−15 m2. (c) 𝑘𝐶 = 1 ⋅ 10−16 m2.
procedure for the pressure equation was suggested, which restricts thenumerical solution to the permeable part of the system (the reservoirand the chimney). A source term was devised for the pressure equation,which allows for the study of the actual time interval during whichchimney formation takes place. Chimney formation starts when theoverpressure exceeds the least compressive stress and a random rockstrength. This model produces chimneys that develop as branches offractured cells emanating from the base of the cap rock. A chimney ac-cumulates fracture branches, thus growing in width over time. Chimneygrowth ends when fluid leakage through the fracture branches keepspace with the production of excess fluid, the process that is responsiblefor the pressure build-up. The fracture branches that constitute thechimneys are of two types. The first type, ascending branches, have apore fluid pressure that exceeds the least compressive stress, and thesebranches have high permeability because the fracture network is open.The second type of branches are those that have reached the hydrostaticsurface. These have a closed fracture network because the fluid pressureis less than the least compressive stress, and so the permeability is
reduced. It was shown how this closed-chimney permeability controlshow fast the reservoir will be drained by the chimneys, and how widethe chimneys become. An estimate was provided for the maximumnumber of branches in a chimney, which is a useful result. The casestudy suggested that the permeability of the branches in a chimney areof the order of 10−17 m2. Whilst the model was demonstrated withan overpressured reservoir as the source for the chimneys, it couldalso apply to pipe-like structures driven by melting gas hydrates. Thelayered structure of sediments of different composition and age playsa role when considering the random strength of the rocks. This paperexplores only the simplest choices.
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Fig. 5. How the chimney branches depend on rock strength: (a) 𝑠0 = 0.1 MPa, (b) 𝑠0 = 0.2 MPa and (c) 𝑠0 = 0.5 MPa.
Fig. 6. Volume balance of the reservoir and chimney in Fig. 3 over time spans of (a) 200 years, (b) 400 years and (c) 800 years . (For interpretation of the references to colourin this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Average reservoir pressure for the three cases shown in Fig. 6.
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Appendix A. Pressure equation
The pressure equation is derived from conservation of fluid mass ina similar way as done by Wangen (2019), where mass conservation isexpressed as:
𝜕(𝜙𝜚𝑓 )
𝜕𝑡
+ ∇ ⋅ (𝜚𝑓 𝐯) = 𝑞(𝐱), (9)
and where 𝜚𝑓 is the fluid density, 𝜙 is the porosity, 𝐯 is the Darcyflux and 𝑞(𝐱) is source term for fluid generation. The source term iszero, except for the cells in the reservoir unit. Expression (9) can betransformed to a pressure equation by introduction of the effectivecompressibility:
𝛼𝐷 =
1
𝜙𝜚𝑓
𝑑(𝜙𝜚𝑓 )
𝑑𝑝𝑓
, (10)
where fluid pressure is 𝑝𝑓 , and introduction of Darcy’s law:
𝐯 = 𝑘
𝜇
(
∇𝑝𝑓 − 𝜚𝑓 𝑔𝐧𝑧
)
. (11)
The fluid pressure is replaced by the overpressure
𝑝 = 𝑝𝑓 − 𝑝ℎ and 𝑝ℎ = ∫ 𝑧0 𝜚𝑓 𝑔 𝑑𝑧, (12)which is the fluid pressure 𝑝𝑓 minus the hydrostatic fluid pressure 𝑝ℎ.The equation for overpressure becomes
𝜙𝛼𝐷
𝜕𝑝
𝜕𝑡
− ∇
(𝑘(𝐱)
𝜇
∇𝑝
)
= 𝑞(𝐱), (13)
where the Darcy flux is written without the gravity term. The perme-ability is dependent on whether the position 𝐱 is in the reservoir, thechimneys or elsewhere in the cap rock.The pressure equation (13) is solved numerically with the finitevolume method, where the pressure is represented at the centre at eachcell 𝑖 in the grid. The numerical pressure equation becomes
𝜙𝑖𝛼𝑖
(𝑝𝑛+1𝑖 − 𝑝
𝑛
𝑖 )
𝛥𝑡
𝑉𝑖 −
∑
𝑗∈⟨𝑖⟩𝐴𝑖𝑗
𝑘𝑖𝑗
𝜇
(𝑝𝑛+1𝑗 − 𝑝
𝑛+1
𝑖 )
𝑙𝑖𝑗
= 𝑞𝑖𝑉𝑖 (14)
after volume integration over each cell. The volume integral is replacedby a surface integral by use of Gauss’ theorem. The subscript 𝑖 denotes
Table 2Web-addresses for the source code.I Chimney code https://gitlab.com/MagnusABC/chimney-2019II ABC-library https://gitlab.com/MagnusABC/ABC-libraryIII SuiteSparse http://faculty.cse.tamu.edu/davis/SuiteSparse
cell 𝑖 and its properties, such as its compressibility 𝛼𝑖, porosity 𝜙𝑖,source term 𝑞𝑖 and cell volume 𝑉𝑖. The properties of the connectionbetween two neighbour cells 𝑖 and 𝑗 is denoted with the double sub-script 𝑖𝑗. These properties are the distance between cell centres 𝑙𝑖𝑗 , theinterface area 𝐴𝑖𝑗 , and the permeability between cells 𝑘𝑖𝑗 .
Appendix B. Computer code availability
The computer code used in this study is available at the web-addressI (see Table 2). The code makes use of a library (the ABC-library), whichcan be downloaded from web-address II in Table 2. The chimney-codeand the ABC-library are provided under GNU General Public License.The chimney code makes also use of the linear equation solver cholmodfrom SuiteSparse-4.2.1, which can be downloaded from web-address IIIin Table 2.
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